. LTR, long terminal repeat. c, Primer extension (PE) analysis of miRNA expression in BJAB transductants and control cell lines BC-1 and Jijoye for miR-K12-11, miR-155, miR-30/GL2 and cellular miR-16. d, Null distribution of miR-K12-11/miR-155 seed abundance in 10,000 randomly sampled sets of 150 39 UTRs, each from the space of our analysis. The arrow marks the abundance of heptamer seed matches in the 39 UTRs of the top-scoring 150 downregulated genes in miR-K12-11 transductants, indicating a significant (P # 0.0057) enrichment of potential targets for miR-K12-11/miR-155. Analysis for hexamer seed matches also identified a significant enrichment (P # 0.001) (not shown). e, Mutations introduced to create miR-K12-11/2M are highlighted. miR-K12-11 resulted in the downregulation of 181 mRNAs and the upregulation of 86 mRNAs (jT-scorej $ 2.86, P # 0.01). mRNAs bearing at least one seed match to miR-K12-11 were significantly enriched in the top-scoring 150 mRNAs downregulated in miR-K12-11-expressing cells, in comparison with randomly sampled 39 untranslated regions (UTRs) from all mRNAs in our data set (Fig. 1d) . As a result of stringent criteria for 39 UTR selection, this data set probably underestimates the number of seed matches to miR-K12-11 in cellular 39 UTRs. We therefore used the Entrez database to manually check mRNAs that were significantly downregulated for additional seed matches. Downregulated mRNAs carrying at least a six-nucleotide seed match to miR-K12-11 were considered candidate direct targets and are listed in Supplementary Table 1 . Using Gene Set Enrichment Analysis 19 , we observed that computerpredicted targets for cellular miR-155 were significantly enriched in mRNAs downregulated by miR-K12-11 (false discovery rate # 0.003; Supplementary Table 2) 20 . The downregulation of many of these mRNAs by miR-K12-11 was not statistically significant, on the basis of our T-score cutoff, suggesting low or inconsistent levels of downregulation by miR-K12-11. However, inhibition of gene expression by miRNAs can occur entirely at the translational level, with little or no reduction in mRNA abundance 21, 22 . We next evaluated whether candidate mRNA targets for miR-K12-11 were also downregulated by miR-155 using quantitative RT-PCR analysis of RNA samples prepared from duplicate sets of BJAB transductants (Fig. 1c) . As a specificity control, we also analysed a miRNA, miR-K12-11/2M, that bears two mutations in the miR-K12-11 seed region (Fig. 1e) . Because the pri-miRNA stem was adjusted accordingly ( Supplementary Fig. 1 ), the expression level of this mutant was comparable to that of wild-type miR-K12-11 (Fig. 1c, lanes 11 and  12) . miR-155 was expressed from a 300-base-pair (bp) fragment of bic exon 2 (ref. 10 ) and its expression level in BJAB (Fig. 1c , lanes 9 and 10) matched that observed in the transformed B-cell line Jijoye (Fig. 1c, lane 16 ). BJAB cells normally express undetectable levels of endogenous miR-155 (Fig. 1c) . As a further control, we also included BJAB transductants expressing an artificial miRNA targeting luciferase (miR-30/GL2).
Because the set of potential mRNA targets of miR-K12-11 was diverse and did not reveal an obvious function, candidate mRNAs were picked on the basis of T-score, known functions, and/or the number and quality of matches to miR-K12-11. We also included several predicted mRNA targets for miR-155 that did not seem to be significantly downregulated by miR-K12-11. Supplementary Table 3 gives the known functions of these candidate targets, as well as their full names and the extent of seed pairing to miR-K12-11 and miR-155. As shown in Fig. 2 and Supplementary Fig. 3 , quantitative reverse transcriptase-mediated polymerase chain reaction (qRT-PCR) analysis revealed that almost all the transcripts analysed were indeed downregulated by miR-K12-11 but not by miR-K12-11/2M, thereby proving that downregulation depends on an intact seed sequence. Importantly, expression of miR-155 downregulated these mRNAs to the same degree as did miR-K12-11, thus strongly suggesting that miR-K12-11 does indeed phenocopy miR-155 (Fig. 2) .
We next asked whether the downregulation of target genes by miR-K12-11 and miR-155 was direct by cloning 12 candidate 39 UTR sequences 39 to the firefly luciferase ORF (Fluc). The resulting constructs and the unmodified vector were co-transfected into 293T cells together with a Renilla luciferase internal control and pNL-SIN-CMV-AcGFP constructs expressing no miRNA, miR-K12-11, miR-K12-11/2M or miR-155. In all 12 cases, Fluc expression from constructs bearing candidate 39 UTR sequences was downregulated equivalently by miR-K12-11 and miR-155 (Fig. 3) , whereas miR-K12-11/2M had no effect. Consistent with the idea that target gene repression also occurs by inhibition of translation, there was no good correlation between the extent of downregulation observed by qRT-PCR (Fig. 2 ) and the indicator assay (Fig. 3 ). For example, one predicted target for miR-155, the transcription factor BTB and CNC homology 1 (BACH1), was only modestly downregulated at the mRNA level, but repression of the indicator bearing the BACH1 39 UTR was about 85% for both miR-155 and miR-K12-11.
To show that equivalent downregulation by miR-K12-11 and miR-155 also occurs with endogenous proteins, we performed western blot analyses for two targets, BACH1 and Fos. Whole-cell extracts of duplicate BJAB transductants (Fig. 1c) were probed with antibodies specific for BACH1. Because miR-155 is upregulated in stimulated macrophages 13 , we also generated transductants of the monocytic cell line THP-1 expressing each miRNA and confirmed expression by using primer extension ( Supplementary Fig. 4 ). BACH1 protein expression was about fivefold lower in the BJAB transductants expressing either miR-K12-11 or miR-155 when compared with control transductants (Fig. 4a) , whereas expression in THP-1 cells was inhibited about threefold (Fig. 4b) . Fos expression was analysed after serum starvation of BJAB transductants followed by induction with 12-O-tetradecanoylphorbol-13-acetate (TPA). 5 ). In contrast, BACH1 expression was only modestly enhanced (data not shown). Further analysis revealed that the BACH1 39 UTR confers downregulation not only by miR-K12-11 but also by miR-K12-1 and miR-K12-6 (Supplementary Fig. 6 ). Therefore, although antagomirs can inhibit viral miRNA function, their effectiveness may be compromised by the overlapping activities of viral miRNAs.
Previous analyses have shown that certain viral miRNAs downregulate the expression of mRNA targets transcribed from the opposite strand of the viral DNA genome 3, 4 or inhibit the expression of cellular mRNAs by binding to novel 39 UTR targets that are not used by cellular miRNAs 5, 6 . Here we provide evidence for a third model, namely that viral miRNAs can function as orthologues of cellular miRNAs and thereby downregulate the expression of numerous cellular mRNAs by means of target sites that are generally evolutionarily conserved.
The evidence presented here argues strongly that miR-K12-11 functions as an orthologue of cellular miR-155 (Figs 2-4 ). This similarity undoubtedly reflects the identical seed region present in miR-K12-11 and miR-155 (Fig. 1a) . Nevertheless, the fact that the non-seed regions of miR-155 and miR-K12-11 are different does raise the possibility that they might not share all mRNA targets 24 . Indeed, although almost all mRNAs analysed responded identically to miR-155 and miR-K12-11 (see, for example, Figs 2 and 3) , we did occasionally notice slight differences in the degree of silencing (for example, mRNA encoding Src-like-adaptor (SLA); Supplementary  Fig. 4 ). Nevertheless, taken together, our data do demonstrate that miR-155 and miR-K12-11 regulate an analogous set of mRNAs and agree with earlier reports documenting the critical role of seed pairing in mRNA target selection 7 . miR-155/bic overexpression is observed in many human B-cell lymphomas 10 and induces B-cell malignancies in mice and chickens 8, 9 . miR-155 is induced on T-cell or B-cell activation 11, 12 , and miR-155 knockout mice have impaired immune function 14, 15 . The set of mRNA targets identified here includes targets with known roles in B-cell function (for example SLA) and innate immunity (PIK3CA (phosphoinositide-3-kinase, catalytic a subunit), IKBKE (IkB kinase e) and Fos), pro-apoptotic (BIRC4BP/XAF1 (XIAP associated factor-1)) and cell-cycle-regulatory (Fos) functions, as well as transcription factors (BACH1, Fos and HIVEP2 (human immunodeficiency virus type I enhancer binding protein 2)). At this point, it is unclear which of the many genes regulated by miR-155 and by miR-K12-11 provide a replicative advantage to KSHV. Given the apparent role of miR-155 in the development of B-cell tumours, miR-K12-11 expression in latently KSHV-infected B cells may contribute to the increased incidence of B-cell tumours seen in KSHV-infected patients 25 . Although the distantly related c-herpes virus EpsteinBarr virus (EBV) also expresses viral miRNAs 2, 3 , these show no homology to miR-155. However, a recent report 26 showing that EBV activates endogenous miR-155 expression in infected B cells suggests that EBV may have evolved an alternative strategy to achieve the same end result.
Analysis of currently known viral miRNAs reveals that the seed homology observed with miR-K12-11 and miR-155 is not unique. Supplementary Fig. 7 lists several viral miRNAs that display seed Table 2 ).
homology either to cellular miRNAs or to miRNAs encoded by distantly related viruses. Although the significance of these homologies remains unknown, these observations do raise the possibility that the similar activity noted for cellular miR-155 and for viral miR-K12-11 is only the first example of a more general phenomenon.
METHODS SUMMARY
pNL-SIN-CMV-AcGFP-based lentiviral miRNA expression vectors were generated as described 16 , except that expression cassettes were placed 39 to the AcGFP ORF. miR-K12-11 and miR-30/GL2 were expressed from artificial miR-30-based expression cassettes 22, 27 . miR-155 was expressed from a roughly 300-bp segment of the bic gene 10 . BJAB cells were infected and sorted 48 h after infection. At 12-16 days after transduction, gene expression analysis of ten independent BJAB pools, expressing AcGFP only or AcGPF and miR-K12-11, was performed with Human Operon v3.0.2 arrays. Normalization was performed with arrayMagic 28 and data analysis was conducted with GenePattern 29 . 39 UTR analysis for miR-K12-11/miR-155 seed matches was performed with an in-house pipeline 30 . Gene Set Enrichment Analysis 19 was used to test whether specific gene sets were enriched in the set of downregulated genes. Candidate 39 UTR sequences were cloned 39 to an SV40 early promoter-driven Fluc ORF. Indicator assays were conducted in 293T cells co-transfected with Fluc vectors carrying candidate 39 UTRs or the parental vector, an RLuc-based internal control vector, and pNL-SIN-CMV-AcGFP-based miRNA expression vectors. Dual luciferase assays were performed 48 h after transfection 17 . Antagomirs were synthesized as described 23 and delivered into BCBL-1 cells by incubation in serumfree medium for 25 h. 
METHODS
MicroRNA expression cassettes. MicroRNA expression cassettes were placed into the 39 UTR of the AcGFP gene in the context of the pcDNA3-based vector pcDNA3/AcGFP. The AcGFP coding region was PCR amplified with the primer pair 129/131. The resulting PCR product was digested with NotI, blunt-ended with Klenow enzyme and then cut with HindIII. pcDNA3 was cut with EcoRI, blunt-ended with Klenow enzyme, cut with HindIII and ligated to the PCR product.
Because miR-K12-11 expression cassettes derived from KSHV genomic sequences did not yield high levels of miR-K12-11 after transduction (data not shown), the sequence of mature KSHV miR-K12-11 was embedded into a fragment of the pri-miRNA gene for miR-30. This strategy has previously been validated and is now widely employed for the expression of small RNAs 22, 27 . First, 59-and 39-flanking regions of miR-30 were amplified from BJAB genomic DNA by using primer pairs 76/77 (59-flanking region) and 78/79 (39-flanking region) and cut with MfeI and XhoI or with XhoI and BamHI, respectively. Both fragments were ligated into the EcoRI and BamHI sites of a shuttle vector, pLNCX2M. pLNCX2M is a modified version of the MLV based retroviral vector pLNCX2 (BD Biosciences) and contains EcoRI and BamHI sites upstream of a CMV-promoter-driven Neo cassette. This arrangement of the miR-30 flanking regions was originally described by Silva et al. 27 and results in unique XhoI and EcoRI (introduced with primer 78) sites that allow the insertion of miRNA precursor hairpin sequences. The precursor hairpins for miR-K12-11 and miR-30/GL2 were designed to express the miRNA from the 39 arm of the premiRNA hairpin. The passenger strand was adjusted to contain one bulge (at nucleotide 9 from the 59 end of the mature miRNA sequence). The stem-loop sequences used for expression of miR-K12-11 and miR-30/GL2 are shown in Supplementary Fig. 1 . Two primers covering each miRNA stem-loop coding sequence (miR-K12-11, primer pair 117/118; miR-30/GL2, primer pair 119/120) were designed to be complementary over the central 31 nucleotides. Extension of the annealed primers with Pfu polymerase yielded the entire extended pre-miRNA stem-loop coding sequence. The resulting fragment was cut with XhoI and EcoRI and inserted between the miR-30 flanking regions. The same strategy was used to clone expression cassettes for miR-K12-2 (primers 103/104), miR-K12-4-3p (primers 107/108), miR-K12-5 (primers 109/110), miR-K12-6-3p (primers 125/126) and miR-K12-7 (primers 127/128). miR-30-based miRNA expression cassettes were amplified from the pLNCX2M shuttle vectors described above using primers 140/141. A ,300-bp fragment of the BIC gene (corresponding to nucleotides 150-449 of the RNA; accession number AF402776) was cloned from BJAB cDNA with primers 485/486. Expression cassettes for miR-K12-1 (primers 198/199), miR-K12-3 (primers 200/201), miR-K12-8 (primers 204/205), miR-K12-9 (primers 206/207) and miR-K12-10 (primers 208/209) were PCR-amplified from the KSHV genome using BC-1 genomic DNA. 59 primers contained an NruI site and 39 primers contained XbaI and EcoRV sites. PCR products were cut with NruI and XbaI and inserted into the EcoRV and XbaI sites of pcDNA3/AcGFP, thus regenerating an EcoRV site upstream of the XbaI site to facilitate the insertion of further miRNA expression cassettes (see below).
The miR-K12-11/2M expression cassette was generated by using overlap PCR. Using the miR30/K12-11 expression cassette described above as template, two overlapping PCR products were generated with primer pairs 140/390R and 141/390F and used as templates in a second round of PCR with primer pair 140/141. The resulting expression cassette (miR30K11/2M) was inserted into pcDNA3/AcGFP as described above.
In THP-1 cells, tandem miRNA expression cassettes were used to allow higher expression levels of the miRNA at lower AcGFP expression levels. The miRNA in question was amplified from the corresponding pcDNA3/AcGFP construct using primers 140/141, cut with NruI and XbaI and cloned into the EcoRV and XbaI sites of the appropriate pcDNA3/AcGFP vectors containing one miRNA expression cassette.
To clone pNL-SIN-CMV-AcGFP and derivatives, the pcDNA3/AcGFP vector and its derivatives containing one or more miRNA expression cassettes were cut with XbaI, blunt-ended with Klenow enzyme, and then cut with MluI, yielding a fragment containing part of the CMV promoter, the AcGFP coding region and the miRNA expression cassette(s). This fragment was used to replace the corresponding fragment of pNL-SIN-CMV-BLR 31 , which was cut with XhoI, bluntended with Klenow enzyme and then cut with MluI. pL/SV40 RL and FL indicator vectors. Indicator and control vectors to test candidate cellular 39 UTRs were based on the self-inactivating lentiviral vector pLL3. 7 (ref. 32) . First, a polylinker was inserted between the ApaI and EcoRI sites of pLL3.7 (primers 238/39), introducing the unique restriction sites ApaI, BamHI, XhoI, XbaI, NotI and EcoRI. The resulting vector (pL) retained only the 59 promoter sequences and regulatory sequences, as well as the WRE element and the 39 SIN long terminal repeat. Next, fragments containing the SV40 promoter and RLuc or FLuc (luc 1 gene) coding regions were inserted by using BamHI and NheI (SV40 promoter) and NheI and XhoI restriction sites (luc ORFs). The SV40 promoter was amplified from pcDNA3 by PCR with primers 256 and 257. The RLuc fragment was obtained by digesting the previously described vector pNL-SIN-CMV-RLuc with NheI and XhoI. 17 . Generation of BJAB transductants. Lentiviral vectors were produced by transfection of 293T cells as described 31 and used to transduce about 10 6 BJAB or THP-1 cells at a cell concentration of about 5 3 10 5 ml
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. The next day, media were exchanged; 48 h after transduction, cells were collected by centrifugation and resuspended in RPMI medium containing 2 mM EDTA. AcGFP-expressing cells were sorted (using the 488-nm line of a 20-mW laser) and analysed with a BD FACSAria cell sorter with DiVa software (BD Biosciences). In experiment 1, 60,000 BJAB cells expressing only AcGFP or AcGFP and miR-K12-11 were sorted and, after sorting, were split into three biological replicates. In experiments 2 and 3, BJAB cells were transduced in three or four independent replicates, respectively, and ,40,000 cells were collected for each replicate. Cell populations of similar mean fluorescence intensities were collected for all samples. In experiment 3, cells were resorted on day 6 after transduction to ensure comparable AcGFP expression levels. Cytoplasmic RNA for microarray analysis was prepared with the RNeasy Mini kit (Qiagen) and harvested on days 12 (experiment 2) and 16 (experiments 1 and 3) after transduction of BJAB cells. Indicator assays shown in Supplementary Fig. 2 were conducted on the day of RNA preparation (experiment 3) or one day before RNA preparation (experiment 1 and 2).
For THP-1, cells were sorted three times to achieve similar levels of AcGFP expression levels. RNA preparation and primer extension. For analysis of miRNA expression by primer extension, total RNA was prepared with TRIzol reagent as instructed, and 10 mg of RNA was used per reaction. Primer extension was performed with the Promega Primer Extension System. Probe sequences were as follows: for miR16a, cgccaatatttacgtg; miR-K11 and miR-K11/2M, tcggacacaggctaag; miR-155, cccctatcacgattagc; miR30/GL2, tcacgtacgcggaata. Independently, miR-K12-11 expression from the miR30-based expression cassette described above was validated by northern analysis (not shown). Taken together, these results prove that the miRNA expressed from our miR30-based miR-K12-11 expression cassette is identical to miR-K12-11. Spotted microarray, RNA and microarray probe preparation and hybridization. Arrays were printed at the Duke Microarray Facility with the Genomics Solutions OmniGrid 300 Arrayer. The arrays contain the Human Operon v3.0.2 arrays (Oligo Source) that possess 34,602 unique optimized 70-mers. RNA quality was ascertained with an Agilent 2100 bioanalyser (Agilent Technologies). Cytoplasmic RNA (10 mg) from each sample and the reference (Universal Human Reference RNA; Stratagene) were hybridized to oligo(dT) primers at 65 uC and then incubated at 42 uC for 2 h in the presence of reverse transcriptase, Cy5-dUTP or Cy3-dUTP and Cy5-dCTP or Cy3-dCTP, and a deoxynucleotide mix. In all cases, BJAB-derived RNA samples were labelled with Cy5 and reference samples were labelled with Cy3. NaOH was used to destroy residual RNA. Sample and reference cDNAs were then pooled, purified with QIAquick Purification Columns (Qiagen), mixed with hybridization buffer (50% formamide, 5 3 SSC and 0.1% SDS), COT-1 DNA and polydeoxyadenylic acid to limit non-specific binding, and heated to 95 uC for 2 min. This mixture was pipetted onto a microarray slide and hybridized overnight at 42 uC on the MAUI hybridization system (BioMicro Systems). The array was then washed at increasing stringencies and scanned on a GenePix 4000B microarray scanner (Axon Instruments). All protocols are available in greater detail on the Duke Microarray Facility Website (http://microarray.genome.duke.edu/services/ spotted-arrays/protocols). Array results were submitted to the GEO database. Microarray normalization and analysis. All arrays were subjected to background subtraction followed by loess normalization within each array and scale normalization across all arrays with the arrayMagic package in R 28 . The KNN impute package in GenePattern 29 was used to impute missing data if a probe had intensity values for at least half the samples. Otherwise the probes were excluded
